This study adopted a solvent-thermal method with an added dispersing agent to successfully prepare modified bismuth tungstate (Bi 2 WO 6 ) catalysts, which were characterized by X-ray diffraction, scanning and transmission electron microscopies, X-ray photoelectron and ultraviolet-visible diffuse reflectance spectroscopies, and photoluminescence. According to the results, the addition of a dispersing agent helped in preparing Bi 2 WO 6 catalysts with appropriate morphology and structures, without influence on its purity, and modestly narrowed the forbidden bandwidth to 2.42 eV, effectively improving the catalysts' visible light catalytic activity and exhibiting a 90.39% degradation of tetracycline after 60 min of irradiation. A possible pathway for TC degradation, based on its structure, was analyzed to better understand the reaction mechanisms in solution and TC found to be degraded first to some intermediate products and then the intermediate products degraded to CO 2 , H 2 O, and other small molecules.
Introduction
Currently, increasing attention is being paid to residual antibiotics introduced to the aquatic environment [1] , which present health hazards by promoting antibiotic-resistant bacteria as well as threatening ecosystem stability [2, 3] . Tetracycline (TC), one of the most commonly used antibiotics [4] , has been addition, Bi 2 WO 6 's photocatalytic activity has been found to be further enhanced by modification of its surface atomic structures [1, 10] . As shape and morphology modifiers, the solvent and surfactants play an important role in the hydrothermal formation process [11, 12] . The nucleation, growth, and alignment of crystals has been controlled by the wide employment of some chelating agents, such as polyvinyl pyrrolidone (PVP) [13] , sodium dodecyl sulfate (SDBS) [14] , ethylene diamine tetraacetic acid (EDTA) [15] , and cetytrimethyl ammonium bromide (CTAB) [16] . Although Bi 2 WO 6 samples have been synthesized by the methods mentioned above, few comparisons have been made to explore the effects of different preparationmethods and corresponding synthetic conditions. Therefore, it was of fundamental and practical importance to systematically investigate the effects of these external synthetic methods, conditions on morphologies, and photocatalytic properties of Bi 2 WO 6 samples.
As photocatalytic degradation of organic pollutants can produce unclear end-products and intermediates could possibly induce negative effects to environmental and ecosystem functions, it is necessary and important to examine toxicity variations of solutions after photocatalytic reactions [17] . Although the intermediates of TC photolysis and ozonation have been identified, the intermediates and possible pathways of TC photocatalytic degradation have seldom been addressed.
Generally, in this study, Bi 2 WO 6 photocatalysts, modified by PVP and SDBS, were successfully prepared via a hydrothermal method. In addition, TC photocatalytic degradations with Bi 2 WO 6 catalysts with different morphologies were performed under visible light irradiation (>420 nm) in aqueous phase. In addition, principal intermediates of TC photocatalytic degradation were determined and reaction pathways also proposed, based on experimental results.
2.
Materials and methods
Synthesis of Bi 2 WO 6 photocatalysts
All chemicals used in experiments were analytical reagent grade and used without further purification. An appropriate mass ratio of PVP or SDBS (1.0 wt%) and Bi(NO 3 ) 3 ·5H 2 O (4 mmol) were successively dissolved in 40 mL of ethylene glycol, stirred 0.5 h and, then, 30 mL ethylene glycol with Na 2 WO 4 ·2H 2 O (2 mmol) injected into the above mixture. After vigorous stirring for 1 h, the mixture was transferred to a 100 mL Teflon-lined autoclave vessel, sealed, and heated at 180 • C for a certain time. After that, the system was cooled to room temperature and the solid precipitate filtered and washed several times with ethyl alcohol and distilled water, and then dried at 60 • C for 12 h. The resulting photocatalysts were labeled as BW (Bi 2 WO 6 w/o modifier), BWP (Bi 2 WO 6 with PVP), and BWS (Bi 2 WO 6 with SDBS).
Characterization
Sample crystal structures were characterized by X-ray diffractometry (XRD) on a Rigaku D/max 2500 diffractometer with 
Photocatalytic tests and product detection
Catalyst photocatalytic activity was determined by evaluating the catalysts' adsorption capacity and visible light photocatalytic ability. TC, as the target pollutant, at 50 mg/L was combined with catalysts at a solid-to-liquid ratio of 1.00 g/L, with the method the same as in our previous study [10] . Photocatalytic intermediates reactions were analyzed by detecting products after 0, 10, 30, and 90 min by UPLC/MS-MS.
3.
Results and discussion
Morphology and compositional characterization of catalysts
The prepared catalysts showed diffraction peaks at 2 of 28. Fig. 1 ). Compared to BW catalyst, no other possible impurities were detected in BWP and BWS samples, indicating their high purity [18] . Meanwhile, the diffraction peak intensities of Bi 2 WO 6 prepared in the presence of PVP and SDBS were more intense than those of BW, which indicated that PVP and SDBS had a positive effect on the formation of Bi 2 WO 6 structures [19] . The crystal particle sizes of catalysts BW, BWP, and BWS were computed, using Scherrer's formula [20] , to be 11.9, 11.8, and 10.3 nm, respectively, which confirmed that crystal particle sizes were reduced with dispersing agent addition. Scherrer's formula was formulated as [21] 
(1) where, D is the crystal grain size; ˇ, full width at half maximum of peaks in radian, K Scherrer's constant, 0.89; the radiation wavelength, 0.154056 nm; and , Bragg's angle.
Comparison of SEM images showed that catalyst aggregation was improved after dispersing agent addition. Bi 2 WO 6 with SDBS showed a nanomicrospherical structure composed of uniform nanosheets and its morphology was largely improved (Fig. 2) . Energy spectrum tests detected Bi, W, and O on catalyst surfaces, indicating that Bi 2 WO 6 catalysts were mainly composed of these three elements (Fig. S1 , Cu derived from copper nets). Here, no other impurities were detected, which indirectly confirmed that the prepared Bi 2 WO 6 catalysts were high purity [10] . These results were consistent with the crystal phase elements detected by XRD.
Catalyst morphology and structures of BWP and BWS were further observed by TEM (Fig. 3) . The nanoparticle sizes of BWP fell within 15-20 nm and electron diffractions in the zone of interest showed lattice circular spots, indicating these catalysts to be single-crystal structured (Fig. 3a) [22] . Highresolution TEM images showed uniform lattice stripes and the between-stripe space measured to be 0.315 nm, which corresponded to the (1 3 1) crystal plane of Bi 2 WO 6 ( Fig. 3b ) [10] . BWS nanoparticle sizes were ∼20 nm and the electron diffractions in the zone of interest circularly-shaped, indicating these catalysts to be polycrystalline structured (Fig. 3c ) [23] . BWS high-resolution TEM images showed uniform lattice stripes and the between-stripe spaces measured to be 0.315 and 0.272 nm, which corresponded to the (1 3 1) and (2 0 0) crystal planes of Bi 2 WO 6 , respectively (Fig. 2d) [24, 25] .
Specifically, full-spectrum XPS showed that these Bi 2 WO 6 catalysts (BW, BWS, and BWP) were mainly composed of Bi, O, W, and C (Fig. 4a) , and the C-1s electronic binding energy 285.38 eV, which was due to carbon source contamination introduced during experiments. The W-4f XPS spectrum showed W-4f 5/2 and W-4f 7/2 binding energies of BW at 37.50 and 35.40 eV, respectively, with a peak distance of 2.10 eV (Fig. 4b) . The W-4f 5/2 and W-4f 7/2 binding energies of BWS were 37.70 and 35.60 eV, respectively, with a peak distance of 2.10 eV. The W-4f 5/2 and W-4f 7/2 binding energies of BWP were 37.30 and 35.20 eV, respectively, with a peak distance of 2.10 eV. Data searching and comparison with the standard spectrum suggested that W in these three samples mainly existed as W 6+ [26] . The Bi-4f XPS showed that BW and BWP both had two Bi-4f peaks with binding energies of 159.10 and 164.30 eV, which represented Bi-4f 7/2 and Bi-4f 5/2 , respectively (Fig. 4c ) [27] . The Bi-4f 7/2 and Bi-4f 5 The specific surface area (SSA) and pore size distributions of Bi 2 WO 6 catalysts determined by nitrogen adsorption-desorption isotherms ( Fig. 5 and Table S1 ).
Clearly, the isotherms of BW and BWP nanoparticles all belonged to pattern IV, with an H1 pattern hysteresis loop (Fig. 5) . The catalysts were deduced to be mesoporous and uniform in pore size distribution [30] . The pore sizes were mainly distributed from 1.5 to 6.565 nm, with the most common pore sizes of BW and BWP at 4.794 and 4.755 nm and their pore volumes 0.14 and 0.11 cm 3 /g, respectively. The isotherms of BWS were all IV pattern with an H3 pattern hysteresis loop, which had no evident saturated adsorption platform, indicating that BWS possessed irregular pores [31] . Moreover, the pore size distribution curves also showed fluctuations, as the pore sizes were mostly 1.0-4.0 nm and the most common pore size 3.788 nm. At a relative pressure P/P 0 of 0.05-0.28, the Brunauer-Emmett-Teller (BET) SSAs of the three catalysts were 50.01, 51.07, and 63.62 m 2 /g, respectively, and clearly BWS SSAs were 20% larger than the other two catalysts (Table S1 ). The above data suggested that PVP addition slightly enlarged the SSAs of BW and BWP but significantly enlarged the SSAs of BWS. This was probably because SDBS addition greatly Binding Energy changed BWS morphology, relative to BW and BWP, and modestly enlarged its SSA [16] .
Photocatalytic activity evaluation
The TC photodegradation speed was rapid within the initial 40 min of reaction, gradually slowed with further irradiation, and stabilized after 90 min (Fig. 6a) . The maximum TC photodegradation efficiency was observed in BWS, followed by BWP, and BW (90.39, 86.88, and 75.70%, respectively). In summary, dispersing agent addition enhanced the photocatalytic activity of Bi 2 WO 6 catalysts and the effects of SDBS outperformed PVP and, thus, SDBS (1.0-wt%) was selected for subsequent experiments. UV full-scan spectra showed two TC spectral peaks that gradually weakened with time (Fig. 6b) . Absorption peaks at 357 and 275 nm corresponded to the B-D ring and aromatic ring A (with blue shift) of TC, respectively. Thus, new products were deduced to have been formed in photocatalytic reactions and intermediates were identified using LC-MS/MS to analyze and understand TC degradation products.
Possible TC degradation mechanism
Under irradiation, the photocatalytic reaction between a catalyst and TC was essentially that photocatalytic reactions generated a strong oxidizing reagent hydroxyl free radical (·OH), which degraded TC [32] . The intermediates of photocatalytic reactions and indirect deduction of possible TC degradation routes were determined by analyzing products in the blank group and after 0, 10, 30, and 90 min of reaction using UPLC-MS/MS. Thereby, possible degradation routes were deduced (Figs. S2-S5 and (Fig. 7) . The liquid chromatography (LC) spectrum at 0 min showed two characteristic TC peaks (Fig. S2a) . The MS spectrum showed a peak at a mass charge ratio (m/z) of 480, which was the intact TC structure (Fig. S2b) . Another peak with m/z of 444 was the product after the easy HCl decomposition of TC (Fig.  S2c) [33] . After 10 min of photocatalytic reaction, the first TC spectral peak was significantly weakened, while the second peak intensity was nearly unchanged (Fig. S3a) . This indicated that only a portion of TC was degraded at this time (corresponding to the photocatalytic activity evaluation described above). At this time, there were three new spectral peaks, which were noted as products A, B, and C, respectively, and MS spectra showed the m/z of product A was 460, with the molecular formula C 22 H 24 N 2 O 9 , and its structure deduced, as shown in Figure S3a [34] . This was a result from the easy attack of an "enol structure" by "·OH" [17, 33, 34] . The m/z of product B was 445, with the molecular formula C 22 H 23 NO 9 , and its structure deduced, as shown in Figure S3a . This was a result from the easy attack of "amide group" by "·OH", forming carboxylic acid [34] . The m/z of product C was 462, with the molecular formula C 22 H 26 N 2 O 9 , and its structure deduced, as shown in Figure S3d . This resulted from the severe oxidability of "·OH" [35] .
With longer photocatalytic reaction, the TC concentration further declined after 30 min and peaks of new products, D and E, appeared (Fig. S4a) . MS spectra showed the m/z of product D was 416, with the molecular formula C 20 H 20 N 2 O 8 , and its structure deduced, as shown in Figure S4b . This was because, with prolonged reaction time, the resulting ·OH with strong oxidability oxidized N(CH 3 ) 2 to NH 2 [34] . The m/z of product E was 476, with the molecular formula C 22 H 24 N 2 O 10 , and its structure deduced, as shown in Figure S4c . This was a result from further oxidization of product A to E [32, 35] .
Photocatalytic reactions changed greatly from 30 to 90 min, with liquid-phase spectra at 90 min showing a much weaker TC spectral peak, indicating low TC concentration, which was also consistent with the photocatalytic activity trials (Fig. S5a) . Meanwhile, some new spectral peaks appeared with different intensities. Together with the mass spectra, it was deduced that a new product F had appeared, but no other impurity was observed. This was probably because these substances were at concentrations too low to be identified by MS. The m/z of product F was 415, with the molecular formula C 20 H 17 NO 9 , and its structure deduced, as shown in Fig. S5b . This was a result from the further oxidization of product D to F, or from NH 2 to O [32] . In summary, the possible TC degradation routes during photocatalytic reactions between Bi 2 WO 6 catalysts and TC indicated that the photocatalytic products were mainly hydroxylation substances or some other groups (e.g., methyl, amidogen, and hydroxyl) from TC (Fig. 7a) [34] . Within the first 10 min, under synergistic actions between ·OH and molecular oxygen, TC mainly underwent deamination and oxidation to form product B (m/z, 445) [36] . Under the attack of ·OH, product A (m/z, 460) was formed from the 1,3-dipole ring additive reaction at the C11a-C12 double bond [33] . Similarly, the ·OH reaction led to electron pair separation at C11-C11a, forming product C (m/z, 462) [35] . As the photocatalytic reaction progressed for 30 min, ·OH oxidation led to TC demethylation, forming product D (m/z, 416) [34] . Meanwhile, the hydroxyl group at the product A C3 position was further oxidized to carbonyl, forming product E (m/z, 476) [35] . With further reaction, the NH 2 of product D was oxidized to O, forming product F (m/z, 415) [35] .
In addition, LC spectra showed that intermediate concentrations were very low and some other small-molecule substances appeared. The MS in Fig. S5c shows some substances with m/z < 200, but, due to very weak peak intensity, it was not possible to accurately determine their structures. Thereby, from relevant literature, the large-molecular degradation products during photocatalytic reactions were deduced as TC gradually decomposed into small-molecular substances. The possible molecular structures are shown in Fig. 7b and, finally, the resulting compounds mineralized to CO 2 , H 2 O, and NH 4 + [17] .
Possible photocatalytic mechanisms of photocatalyst
The energy band structure is a key factor influencing photocatalytic activity. UV-DRS was used to analyze catalyst optical properties and deduce their forbidden bandwidths. Clearly, these Bi 2 WO 6 catalysts performed well at UV-vis wavelengths of 200-800 nm and the absorption band edges of BW, BWP, and BWS were 405, 450, and 430 nm, respectively (Fig. 8a) . This indicated that PVP or SDBS addition drove the catalyst absorption band to move to the visible light region, indicating that the catalysts had UV-vis responses under visible light irradiation. As the catalyst absorption band edges were affected by the forbidden bandwidths [37] , the Kubelka-Munk equation was selected to estimate the forbidden bandwidths [38] , and the results of BW, BWP, and BWS computed to be 2.48, 2.42, and 2.45 eV, respectively (Fig. 8a, inset) . Computations showed that the changing trends of the forbidden bandwidths corresponded well to those of the absorption band edges. Namely, the decreased forbidden bandwidth led to some red shift in the catalyst absorption band edges, thereby enhancing the visible light response [39] .
BWP and BWS exhibited PL emission peaks significantly weaker than BW, with the BWP peak intensity the lowest (Fig. 8b) . These results agreed with the red shift variation trend in the absorption band edge of UV-vis spectra. In other words, a larger red shift of the absorption band edge resulted in a weaker PL peak and stronger photocatalytic activity [40] . The key parameters of photocatalysis are photogenerated e − -h + and their transfer and separation efficiencies. Here, the charge transfer and recombination properties of Bi 2 WO 6 catalysts were investigated by performing instantaneous photocurrent measurements and EIS. The BWS photocurrent was clearly higher than other samples, indicating that more efficient charge transfer and separation was achieved (Fig. 8c) . Generally speaking, better separation of charge carriers was beneficial for enhancing photocatalytic activity by increasing adsorption and charge carrier transfer kinetics. Thus, the result of photocurrent measurements illustrated that the photogenerated-charge migration rate was promoted by SDBS, which was beneficial for enhancing photocatalytic activity.
Products
In the process of photoinduced electron migration, the arc in EIS represented the value of interfacial resistance (IR) [41] . BW's IR value was much greater than those of BWP and BWS (Fig. 8d) . The results revealed that BWS's transfer resistance was the lowest of all present catalysts, implying that photoinduced carriers were quickly transferred to catalyst surfaces and then participated in photocatalytic reactions [42] .
To better understand the TC degradation process in BWS samples, the possible mechanisms were deduced (Fig. 9 ). The energy band gap (E g ) of BWS was 2.45 eV, which was accelerated by visible light irradiation. Illumination on BWS surfaces with enough energy led to the generation of holes (h + ) and electrons (e − ) in the valence (VB) and conduction bands (CB). Photoinduced e − would be trapped by O 2 to yield ·O 2 − , and the E vb of BWS was quite positive compared to the ·OH/OH − potential for ·OH formation and possessed strong oxidizing capacity [1, 43] . All photoinduced reactive species could have attacked TC molecules and the molecules were successfully degraded to CO 2 , H 2 O, and other small molecules [41] .
In short, BWS increased the absorption of visible light, relatively facilitating the effective separation of photogenerated carriers, which favored the promotion of TC photodegradation rates.
Conclusions
A solvent-thermal method with the addition of a dispersing agent was used to successfully prepare Bi 2 WO 6 catalysts. This method was also easy in operation and environmentally friendly. Results showed that dispersing agent addition helped to prepare Bi 2 WO 6 catalysts with appropriate morphology and structures while not influencing its purity. This preparation also modestly narrowed the forbidden bandwidth to 2.42 eV, which effectively improved the catalysts' visible light catalytic activity, with a 90.39% degradation of TC after 60 min of irradiation. A possible pathway for TC degradation, based on its structure and detected degradation products, was analyzed to better understand the reaction mechanisms in solution. TC was found to degrade to some intermediate products, which were then degraded to CO 2 , H 2 O, and other small molecules. 
